Objective: Long-term cardiac memory (LTCM), expressed as a specific pattern of T-wave change on ECG, is associated with 1) reduced transient outward potassium current (I to ), 2) reduced mRNA for the pore-forming protein of I to , Kv4.3, 3) reduced cAMP response element binding protein (CREB), and 4) diminished binding to its docking site on the DNA, the cAMP response element (CRE). We hypothesized a causal link between the decrease of the transcription factor CREB and down-regulation of I to and one of its channel subunits, KChIP2, in LTCM. Methods: After three weeks of left ventricular pacing to induce LTCM (8 paced, 7 sham control dogs), epicardial KChIP2 mRNA and protein levels were assessed by real-time PCR and Western blotting. Mimicking the CREB down-regulation in LTCM, CREB was knocked down in situ in other dogs using adenoviral anti-sense. Effects on the action potential notch, reflecting I to , were investigated in situ using monophasic action potential (MAP) recordings and at the cellular level by the whole-cell patch clamp technique. CREB binding in the KChIP2 promoter region was ascertained by electrophoretic mobility-shift assays. Results: In LTCM, epicardial KChIP2 mRNA and protein were reduced by 62% and 76%, respectively, compared to shams ( p < 0.05). CREB binding by the canine KChIP2 promoter region was demonstrated. CREB knockdown led to disappearance of the phase1 notch in MAP and ablation of I to . Conclusions: These results strengthen the hypothesis that down-regulation of CREB-mediated transcription underlies the attenuation of epicardial I to in LTCM. They also emphasize that ventricular pacing exerts effects at a subcellular level contributing to memory and conceivably to other forms of cardiac remodeling.
. This altered repolarization pattern is associated with down-regulation of the transient outward potassium current, I to , in ventricular epicardium [3, 4] . In long-term CM (LTCM) the physiologic transmural I to gradient (epicardium > endocardium) [5, 6] is diminished, [3] likely contributing to the typical T-wave changes. The reduced epicardial I to is accompanied by a reduction in epicardial mRNA levels of Kv4.3 [3] , the pore forming subunit of the ion channel [7] . The accessory protein, KChIP2, is expressed more in epicardium than endocardium, paralleling the expression of I to [8, 9] . Hence, a role for KChIP2 in diminishing the I to gradient in CM seems likely.
Changes in currents other than I to occur with CM. For example, activation of the L-type calcium current shifts to more positive potentials and the time constant for its inactivation is prolonged in CM [10] . Moreover, preliminary results suggest a reduction in density of the delayed rectifier potassium current, I Kr in epicardium and an increase in its density endocardially, thereby contributing to the altered transmural gradient for repolarization seen in LTCM [11] .
The cAMP response element (CRE) binding protein, CREB, has been implicated as a factor in formation of longterm memory in central nervous system, T-lymphocytes, the enteric nervous system and the heart [12 -15] . Recently we reported that binding of nuclear protein to CRE, a cisregulatory sequence in the promoter region of many genes and the classic docking element for CREB, is reduced in LTCM [13] . Whether the expression of I to and one or more of its major molecular constituents is transcriptionally regulated by CREB is unknown. If it were, it is conceivable that a reduction in CREB-regulated transcription in LTCM would lead to the observed I to reduction. Therefore, we tested the hypotheses that KChIP2 contributes to the I to down-regulation in LTCM and that CREB is a regulator of KChIP2, I to , and the action potential notch.
Materials and methods
Protocols were approved by the Columbia University Institutional Animal Care and Use Committee and conform with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication NO. 85-23, revised 1996).
Pacing protocol
The protocol for studying LTCM has been described previously [16] . Briefly, animals were induced with sodium thiopental (17 mg/kg IV), intubated and anesthetized with inhalational isoflurane (1.5% to 2.5%). We used sterile surgical techniques to implant bipolar pacing electrodes (model 4965, Medtronic) in the LV inferior wall and the left atrial appendage of 15 dogs. The electrodes were attached to an AV-sequential pacemaker (Prodigy DR, Medtronic) placed in a subcutaneous pocket in the dorsal thorax. After 2 to 3 weeks of recovery, dogs were paced for 21 days with lower and upper tracking rates of 120 and 150 bpm.
ECGs were recorded before pacing was initiated and on days 7, 14, and 21 of AV-sequential pacing. AV intervals were set at 60 ms and we ensured that ventricular-paced beats were uniquely of ventricular origin rather than the result of fusion. For all ECG measurements of CM, VP was turned off for 15 min and recordings were made during atrial pacing at a CL of 500 ms in conscious dogs resting on the right side. AV-sequential pacing was then reinitiated. A sham control group (7 of the 15 dogs) received the same treatment with the exception of ventricular pacing. Quantification of CM was performed via ECG and VCG at biweekly intervals as described previously [16] .
Construction of CREB antisense virus
The recombinant E1-, E3-deleted replication-deficient human adenovirus type-5 was created through homologous recombination between the pXCR shuttle vector and pBHG10 parent vector [17] . The shuttle vector was modified to contain two expression cassettes, both driven by the RSV promoter followed by a multiple cloning site and a poly-adenylation sequence. The GFP cDNA (Clontech, Palo Alto, CA) was subcloned into the first cassette and the rat CREB cDNA (Accession number NM _ 134443; a gift from Dr. Arnold Tank, University of Rochester) encompassing the entire coding region into the second in the antisense orientation with respect to the promoter. Therefore the GFP reporter protein and the antisense CREB mRNA were expressed independently. The pBHG10 plasmids and the shuttle vector containing the transgene were co-transfected into HEK293 cells using Lipofectamine Plus following the manufacturer's recommended protocol (GibcoInvitrogen, Carlsbad, CA). Lytic plaques were isolated and expanded, and the presence of the transgene and the absence of E1 gene confirmed by PCR. High titer adenovirus, twice purified by CsCl gradient centrifugation, was stored as a 10% glycerol suspension at À 80 -C. The titer of each adenovirus preparation was determined by counting GFPpositive plaques formed in a virus-transduced confluent HEK293 monolayer overlaid with 0.5% low melting agarose. The concentration of virus used for transduction of cultured cells is reported as fluorescence forming units (ffu)/ml. The pBHG10 and pXCR plasmids were purchased from Microbix (Toronto, Canada).
Protein chemistry

Canine tissues
Dogs were anesthetized as above and their hearts removed at 3 weeks of VP. Epicardial samples were acquired 10 to 20 mm from the LV pacing electrode and frozen in liquid nitrogen. Canine tissue samples were homogenized in three 10 s bursts with a PowerGen 700 homogenizer (Fisher Scientific, Pittsburg, PA) in a buffer containing 20 mM Tris -HCl (pH 7.4), 1mM EDTA, 0.1mg/ mL benzamidine, 10 mg/mL phenylmethylsulfonyl fluoride (PMSF), 5 Ag/mL leupeptin, 5 Ag/mL pepstatin A, 5 Ag/mL aprotinin and 100 AM/L sodium orthovanadate, followed by a 2-h incubation in 2% Triton X-100 on ice. Samples were then centrifuged at 14,000 rcf for 10 min, the supernatant was collected and protein concentration was measured according to Bradford [18] .
HEK293 cells
HEK293 cells were incubated with increasing viral loads (MOIs ranging from 0.5 -5) of AdCREB-AS/GFP or AdGFP for 24 -30 h in Dulbecco's Modified Eagle medium with 10% fetal bovine serum, 1Â GlutaMAX and 1% penicillin-streptomycin (all purchased from Gibco). Cells were washed in ice-cold PBS and lysed for 30 min on ice in a solution containing 1% NP-40, 10 mM Tris -HCl (pH7.6), 50 mM NaCl, 10 mM NaPPi, 10 mM NaF, 1 mM PMSF and 1Â protease inhibitor cocktail (Roche, Indianapolis, IN). Cells were collected and triturated 5 times through a 22 gauge needle after which samples were spun at 14,000 rcf at 4 -C for 10 m and the supernatant was collected.
Western blotting
One-hundred and eighteen micrograms (canine samples) or 80 Ag (HEK293 samples) of protein was separated on a 4% to 20% Tris -glycine gradient gel (Novex-Invitrogen, Carlsbad, CA) and transferred to a PVDF membrane (BioRad, Hercules, CA). Membranes were then further processed as described previously [15] . The following primary antibodies and their appropriate secondary antibodies were used: a monoclonal KChIP2 antibody (a gift of Dr. Mark Bowlby), CREB (cell signaling), CREM (Santa Cruz, Santa Cruz, CA), GAPDH (Research diagnostics, Flanders, NJ), histone 1 (Santa Cruz), AT1 (Santa Cruz). Results were scanned and quantified using densitometry and ImageQuant software, and results were normalized to the housekeeping proteins histone 1 or GAPDH.
Real-time PCR
The levels of KChIP2 mRNA in the epicardium of CM dogs and shams were compared using real-time PCR. Methods and KChIP2 primers have been described previously [19] . GAPDH was used as a housekeeping gene to normalize results (forward primer: AACATCATCC-CTGCTTCCAC, reverse primer: GACCACCTGGTCCT-CAGTGT).
Electrophoretic mobility shift assays
Five micrograms of Hela cell nuclear extract (Promega, Madison, WI) was incubated with 2 AL of 5Â binding buffer (5 mM MgCl 2 ; 2.5 mM EDTA; 2.5 mM DTT; 250 mM NaCl; 50 mM Tris -HCl (pH7.5); 0.25 mg/ml poly(dI-dC); 20% glycerol) and if appropriate, 4 Al of pCREB antibody (Cell Signaling) or a non-specific antibody (anti ERG, Santa Cruz).
Then 5 ng of 5V biotin-labeled probe was added bringing the total volume to 20 Al and the total was incubated overnight at 15 -C. Samples were separated on a 6% polyacrylamide gel in 0.5Â TBE at 4 -C and transferred to a Pall Biodyne B membrane with standard electroblotting procedures for 30 min at 300 mA at 4 -C. Bound oligonucleotides were fixed to the membrane in a UV crosslinker for 3 min. Biotinylated oligonucleotides were recognized by streptavidin-HRP conjugate and detected by enhanced chemiluminescence according to the manufacturer's protocol (Roche). Experiments were performed in triplicate.
Nuclear extracts were incubated with two different probes: the first contained a CRE consensus sequence (underlined): 5V-biotin-AGAGATTGCCTGACGTCAGA-GAGCTAG and the second contained the CRE core present in the 5V flanking region of canine KChIP2 (K2CRE): 5V-biotin-TCCCGGCAGCGTCAAAGGGGGGA-3V. Unlabeled oligonucleotides with identical sequences were used as competitors to demonstrate probe specificity.
Intact animal studies with AdCREB-AS/GFP
Under sterile conditions, after anesthesia as above, 8 male or female mongrel dogs (23 -27kg) were subjected to a thoracotomy. We injected AdCREB-AS/GFP or AdGFP (3 Â 10 10 ffu in 0.7 ml saline) sub-epicardially into the anterior LV and marked the site of injection with a suture.
After 7 -8 days of recovery the animals were reanesthetized and the thoracotomy, reopened. Using a handheld probe (Biotronik, Berlin, Germany), monophasic action potentials (MAPs) were recorded (IOX acquisition system, EMKA Technologies, Falls Church, VA) from the injected sites. Then the heart was removed and tissue from the injected sites harvested and used for enzymatic dissociation to obtain single myocytes.
Dissociation of myocytes and studies of I to
Sub-epicardial myocytes were isolated by a collagenase perfusion method reported previously [20] . Briefly, a wedge of LV free wall that included the injection sites and was supplied by a branch of the circumflex artery was dissected. The artery was cannulated and perfused with Ca 2+ -free Tyrode's solution containing 0.2 mg/mL collagenase (Worthington, type 2218 U/mg (Worthington Biochemical, Lakewood, NJ)) for 12 -14 min. Thin tissue slices (up to 3 mm from the epicardial surface) were dissected from the virusinjected regions, minced, and incubated in fresh collagenase solution containing 0.3 mmol/L CaCl 2 and agitated with 95% O 2 /5% CO 2 for 6 -8 min. Incubation was repeated 3 -5 times, and the supernatant from each digestion centrifuged. Isolated cells were stored at room temperature in buffer solution. Ad CREB-AS/GFP and non-fluorescent AdCREB-AS/GFP myocytes, respectively ( p > 0.05). I to was elicited by a 210-ms voltage step to voltages of À 30 through + 60 mV from a holding potential of À 60 mV at 0.1 Hz after a 10 ms prepulse to À 90 Mv. I to was quantified as the difference between the peak current and that measured at the end of the pulse. 4-aminopyridine (2 mM, 4 min) was applied to ensure the identity of the current as I to .
Statistics
Data are expressed as mean T SEM. Two way repeatedmeasures ANOVA with subsequent Bonferroni's test was used to test T-wave vector displacement. Real time PCR and Western blot data were evaluated with a t-test. Patch clamp data were tested with a nested ANOVA with subsequent Bonferroni test. Univariate analysis of variance was used to compare the patch clamp data obtained from the uninfected, AdGFP, and AdCREB-AS/GFP infected cells. Adjustment for multiple comparisons was made using the Bonferroni test where variances were equal and Games -Howell test where variances were unequal.
Results
The induction of LTCM
As in previous studies, [16,21 -23] (Fig 1) . Fig. 2 depicts the changes in expression of epicardial KChIP2 mRNA and protein after three weeks of pacing. Note the significantly greater message and protein in the sham group. Fig. 3A shows representative Western blots for epicardium from three memory and three sham animals, demonstrating the greater KChIP2 protein in the latter. Fig. 3B provides a comparison of epi-and endocardial samples in paced and sham dogs, illustrating the diminished gradient for KChIP2 between epi-and endocardium in the CM setting. These low levels of KChIP2 (shown in this study and by others [8, 9] ) and the low levels of I to [5, 6] in the endocardium led us to focus on epicardium only in this study.
KChIP2 in LTCM
CREB binds in the 5V untranslated region of KChIP2
Exon 1 of the canine KChIP2 gene and 500 bp of the 5V flanking region were sequenced and deposited in Genebank (accession no: AY830141). A CRE core element (CGTCA) was identified 40 bp downstream of the transcription start site, within the 5V untranslated region of exon1. To determine whether this sequence binds CREB, we performed electrophoretic mobility shift assays with HeLa cell nuclear extract and a biotin labeled double stranded oligonucleotide of this sequence. A nuclear protein complex bound specifically to the K2CRE, and was competed by 100 fold molar excess of itself and a consensus CRE (Fig. 4A) 
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Unbound probe Fig. 4 . Electrophoretic mobility shift assay (EMSA) demonstrating the binding of CREB to the promoter region of KChIP2: Panel A: EMSA with HeLa cell nuclear extract binding to the KChIP2 CRE (K2CRE). Nuclear protein binds to K2CRE and forms a specific probe-protein complex (arrow). This binding is competed by 100 fold molar excess of the same, but unlabeled, probe (K2CRE) or an unlabeled consensus CRE (CRE). This complex is recognized by an antiserum against pCREB which competes with the probe for binding CREB (demonstrated by loss of band density and appearance of unbound probe in the lane). An unrelated antiserum (ERG antibody) does not recognize the complex, showing the pCREB specificity of the competition. The right lane shows a control experiment without nuclear extract. Panel B: EMSA of Hela cell nuclear extract binding to the consensus CRE and competed by the same consensus CRE or K2CRE. The specific CREB containing nuclear protein-DNA complex (arrow) is competed similarly by the CRE and KCRE probes indicating that K2CRE and CRE bind CREB with comparable affinity. Protein DNA complexes were competed at 5Â, 20Â and 100Â molar excesses, respectively. Experiments were performed three independent times with identical results.
has a similar affinity for the consensus CRE and that in the KChIP2 gene. These data suggest that the KChIP2 CRE is a functional CRE.
Adenoviral CREB knockdown experiments
We then hypothesized that the down-regulation of CREB-regulated transcription underlies the attenuation of I to after 3 weeks of pacing to induce LTCM. This hypothesis presupposes that CREB reduction in its own right will decrease I to . If this is not the case, then CMassociated reductions in CREB and I to might merely be epiphenomenal. Therefore, we sought an alternative to pacing in order to reduce CREB levels, and engineered AdCREB-AS/GFP.
AdCREB-AS/GFP ablates CREB in HEK293 cells
The effect of AdCREB-AS/GFP to down-regulate the production of CREB at a protein level is demonstrated in Fig. 5 . Incubation of the cells with an increasing viral load (M.O.I. ranging from 0.5 to 5) showed that the CREB family member, CREM, as well as control proteins (AT1 receptor, histone, GAPDH) were unaffected by the virus ( p > 0.05) whereas CREB was down-regulated to barely detectable levels at the highest viral load (Fig 5A-left) . Fig. 5A -right demonstrates that neither CREB nor the control proteins was altered by AdGFP. Fig. 5B quantifies the reductions in CREB levels in cells infected with the antisense virus and 5C shows no changes in CREB in the presence of the GFP virus, alone. That an AdCREB-AS/GFP construct based on the rat sequence also knocks down CREB in HEK293 cells and the presence of highly conserved regions in the CREB sequence across species suggested to us that CREB knockdown might also be achieved in a canine model.
Monophasic action potentials in situ
We injected four dogs with AdGFP and four dogs with AdCREB-AS/GFP. Seven days after surgery, MAP exploration of epicardial regions injected with AdGFP always manifested action potentials having a prominent phase 1 notch (Fig. 6A) , consistent with the presence of I to . However, in regions injected with AdCREB-AS/GFP a phase 1 notch was never detected (Fig. 6B) . The disappearance of the notch was not associated with changes in APD. 
Whole cell patch clamp recording of I to
Representative I to recordings from epicardial myocytes obtained from dogs infected with AdGFP or AdCREB-AS/ GFP are shown in Fig. 7 . I to was clearly evident in all AdGFP infected cells (Fig. 7A) , whereas AdCREB-AS/ GFP infected cells lacked the current (Fig. 7B) . Uninfected cells from both groups showed normal I to (Figs. 7C/D) . Fig. 7E shows the summary IV-curves from 5 AdGFP cells (4 dogs), 7 AdCREB-AS/GFP cells (4 dogs) and 14 uninfected cells which were obtained from both the AdGFP and the AdCREB-AS/GFP-injected dogs. Note that in the AdCREB-AS/GFP infected cells I to is near 0 throughout the I / V curve ( p < 0.05). Although the I to reduction in adGFP approximates 50% at + 60 mV, in the physiologic range of potentials (through + 20 mV) the I to reduction with adGFP is only 0% -30%. This may explain the failure to see an effect of GFP on the contour of the action potential. Importantly, throughout the range of potentials studied the I to reduction with CREB-AS/GFP is significantly greater than that with GFP.
Discussion
In our initial studies of intact dogs we hypothesized that I to might play a significant role in the modulation of cardiac memory [4] . We based this on the effect of 4-aminopyridine to block the initiation of short-term memory induced by brief periods of ventricular pacing. In a subsequent study we demonstrated that epicardial I to density was reduced, its activation shifted to more positive voltages and its time constant for recovery from inactivation prolonged in pacinginduced LTCM [3] . This study also showed that epicardial Kv4.3 mRNA was reduced. In a related study, [15] we presented data suggesting the reduction in I to occurring in LTCM might be the result of reduced levels of CREB, a transcriptional factor previously shown to play a major role in memory in CNS [13] . Hence it was reasonable to test a possible association between CREB and the molecular determinants of I to . Although Kv4.3 is the pore-forming subunit of the channel carrying canine I to , KChIP2 is an important accessory protein [9] . In the present study we have shown that LTCM is associated with a profound reduction in epicardial KChIP2 (mRNA and protein) which reduces the transmural gradient for KChIP2. Furthermore, our data are consistent with a role for down-regulation of CREBmediated transcription being a basis for I to reduction in LTCM as we had hypothesized [15] . Mimicking the effect of the CREB reduction in LTCM by using CREB anti-sense to knock down CREB in the canine epicardium we demonstrated a reduction of I to to minimal levels as seen in situ with MAPs ( Fig. 6) and at the cellular level with whole cell patch clamp (Fig. 7) .
This demonstrates for the first time that the function of CREB is a sine qua non for the expression of I to . It is likely that other transcription factors regulate I to as well, via either the KChIP2 or Kv4.3 genes, but this is beyond the scope of the current study.
There are at least two ways in which reduction of CREBregulated transcription could lead to a reduction in the molecular determinants of I to (Kv4.3 and KChIP2). Either CREB could bind directly in the promoter region of a gene coding for a channel subunit or CREB could regulate the transcription of another factor regulating the transcription of I to channel proteins. We focused on KChIP2 in exploring the first option, since we have shown previously that CREB can bind in the promoter region of Kv4.3 [15] . Fig. 4A shows that a site in the promoter region is indeed capable of binding CREB, suggesting that CREB may directly regulate KChIP2 expression. Moreover, as we have shown in Fig. 4B , the similar affinity of CREB for K2CRE and for the consensus CRE suggests that CREB binds to K2CRE in vivo. We have previously shown that there is a CRE core sequence within the 5' flanking region of the human KChIP2 gene as well; this sequence also binds CREB and competes effectively with the consensus CRE sequence. [23] These similar CREB binding characteristics of the KChIP2 promoter in both species indicate that the results obtained for the dog sequence may be applicable to human studies.
The present data strengthen the hypothesis that the downregulation of I to in LTCM is a result of decreased CREBregulated transcriptional activity. Although the limited size of the region affected by the injection of the virus did not allow us to test whether an AdCREB-AS/GFP induced CREB reduction can completely mimic CM in the dog, this was not the intent of the study. Rather it was to test whether KChIP2 may contribute to the I to down-regulation in LTCM and whether CREB is involved in the regulatory process for I to reduction. That reductions in KChIP2 contribute to I to downregulation in general and in LTCM in particular is seen in the following: first, in LTCM the down-regulation of Kv4.3 mRNA is far less than that of KChIP2. Second, a hallmark of LTCM is a decrease in the transmural I to gradient [3] and the major determinant of this gradient is KChIP2 of which the gradient is reduced in the setting of LTCM as well [8, 9] . Third, a study demonstrating that cardiac memory can be induced in young dogs only after I to has developed is consistent with KChIP2 being a major limiting factor for I to expression in early life; with a 4 : 4 stoichiometry KChIP2 mRNA increases 900% over the first three months of life vs. 300% for Kv4.3 [19] . Moreover, a study of KChIP2 knockout mice showed that an isolated KChIP2 deficiency can completely ablate I to , illustrating the major role of KChIP2 in determining I to [24] . However, the relative importance of KChIP2 down-regulation vs. that of Kv4.3 (or yet another subunit) in this process cannot be ascertained from our results. As for identifying a role for CREB in I to regulation, the antisense experiments clearly indicate that ablating the former reduces both the current and its manifestation at the tissue level, the action potential notch.
Our data add to the mounting evidence that altered ventricular activation (in our studies as a result of pacing) induces a change in the expression of several cardiac proteins. Altering activation affects diverse groups of proteins such as those determining ion channels (Cx43, Kv4.3, KChIP2 and ERG), calcium handling (SERCA, phospholambam) and signaling (ERK, CREB) ( [3, 11, 23, 25, 26] ). In these studies the protein changes occur in a regionally dispersed fashion across the ventricular wall, apparently based on the site of pacing. Since these effects are regionally dispersed they have the potential to alter heterogeneity of repolarization and/or calcium handling, possibly influencing the propensity to arrhythmias.
Finally, the importance of I to and its molecular constituents is not limited to the heart. Its neuronal equivalent, the A-type transient K + current, is comprised of the same subunits. In addition to its involvement in functions such as pain and olfaction [27, 28 ] the A-current has been implicated in the formation of memory in CNS. [29] This provides one more example of the adaptation of common molecular structures to the particular functions of individual organ systems.
Study limitations
The use of anti-sense techniques to knock down proteins harbors the potential risk of unintentional knock-down of other proteins. In Fig. 5 we have shown that four control proteins (including the CREB family member CREM) are unaffected by AdCREB-AS/GFP; however this does not exclude the possibility that still other proteins might have been down-regulated, thereby influencing our experimental results. In addition, we found that in the physiologic voltage range AdGFP has a modest, yet significant effect to reduce I to . Although generally regarded as benign, GFP has been demonstrated to alter biological processes [30, 31] . Another explanation could be that the E1-, E3-deleted virus produces some inflammation and/or immune response in vivo, possibly resulting in down-regulating I to . The important aspect of the GFP effect in our study is that the action of this marker is significantly less pronounced than that of the CREB anti-sense.
Finally, the totality of subunit(s) critically affected by CREB knockdown remains to be elucidated. In this study we used the action potential notch and the expression of I to as indicators of the effect of the intervention.
